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HYBRID VERSION OF METHOD OF MOMENTS COMPUTER CODE: IBC3D 

INTRODUCTION 

The underlying computational engines for computer simulation of electromagnetic 

wave scattering are routinely classified into two fundamentally different approaches, high 

frequency and low frequency. The low frequency approaches are based on strictly 

numerical methods that generate scattering simulations from numerical solutions to 

partial differential equations or integral equations formulated from Maxwell's equations. 

The high frequency approaches are based on asymptotic solutions to Maxwell's equations 

based on assumptions about the nature of the wave-object interaction. The strengths and 

weaknesses of these two approaches can be summarized in terms of an object's electrical 

dimension. The low frequency methods provide accuracy but consume computer 

resources (memory, cpu time, disk space) at a very rapid rate as the frequency increases. 

As a result the low frequency methods are limited to the available computer resources 

and become prohibitive for electrically large objects. The high frequency methods suffer 

from an opposite constraint, they lose accuracy as the electrical size of the object 

becomes small but provide accurate results for electrically large objects. 

A method that combines the two approaches in a manner that appears to bridge this 

gap between the high and low frequency methods is a hybrid physical optics method of 

moments (PO/MoM) combination [1,2]. The hybrid PO/MoM approach published by 

Putnam and Medgyesi-Mitschang is general enough to allow the modification of an 

existing 3-dimensional method-of-moments numerical scattering computer program into 

a hybrid code capable of using externally generated scattering currents as part of the 

numerical solution. The Radar Division of NRL utilized the Putnam and Medgyesi- 

Mitschang analysis to convert the IBC3D code into a hybrid code for research into hybrid 

scattering methods. 

THEORY 

The mathematical foundation of the hybrid IBC3D code is a simple extension of the 

formulation of the original IBC3D computer code. In the original code, electric surface 

currents were solved for numerically.  In the hybrid code, surface currents on portions of 
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the scattering geometry are considered to be known quantities and are isolated from the 

currents to be solved for numerically. The following paragraphs give a summary of how 

this is implemented to produce the hybrid IBC3D code. 

The original version of IBC3D was developed to provide a numerical scattering 

solution for coated bodies of arbitrary shape using triangular surface patch elements and 

an anisotropic impedance boundary condition (IBC) to model the coatings [3]. The 

numerical formulation of the original IBC3D code is the electric field integral equation 

(EFIE) which is solved using a Galerkin MoM technique. Their formulation specified 

that on the surface of the scattering body the following integral relation between the 

incident field E'nc(r), the surface impedance Ztand the equivalent induced currents 

J(r) holds: 

EZ(7) = Um\sKr')G(rj)ds'+-w\sa(r)G(r,j:)ds'+^T](zs-]) 
J £    J 2 (1) 

+ \ sTj{n'x(Zs-1)}xVG(r',r)dSX 

The surface charge o (r) is eliminated by expressing it in terms of the current J(r) using 

the equation of continuity, G(r,r) is the free space Greens function, h is the surface 

normal and r\ is the impedance of free space. Equation (1) re-written in compact 

operator notation is 

L(J) = ^„C- (2) 

This integral equation is solved by first expanding the unknown currents, J , in terms of 

basis functions, 

N 

J = ZU,(r)' (3) 
11=1 

where  In  is the amplitude of the current basis function  f„(r), Rao-Wilton-Glisson 

(RWG) triangular rooftop basis functions are used in IBC3D.   Employing the Galerkin 

method to generate the following inner products generates a system of linear equations 

(gmMJ)) = (gm,EZ). (4) 

This system of linear equations, re-written using standard notation, 



IX1-  = Vm , (5) 
n=l 

where Zmn = (gmMf„(?))) and Vm = (gm,EZ) , is solved numerically in IBC3D using 

LUD factor and solve routines from the Linpack library [5]. 

The purpose of the hybrid formulation is to reduce the size of the matrix equation 

corresponding to Eq. (5) that arises in the IBC3D solution. This is accomplished by 

assuming that J can be represented accurately with a known current distribution in 

selected regions. In the case of the PO/MoM hybrid, a physical optics current 

distribution is assumed in the lit region: 

J(r) = Vlnfn(r),       r e Numerical region 
n=l ^    ' 

Jf0(r) = 2nxHinc(F), r e Lit,PO region 

The impact of this can be understood by noting that Eq. (4) is an expression of the 

boundary condition E™al = 0 over the region spanned by the testing basis function gm. 

There are three contributors to the field in this region: the incident field, the field 

produced by the unknown currents and the field produced by the physical optic currents. 

Isolating the unknown currents from the known quantities by rearranging Eq. (4) results 

in the following set of equations, 

(gm,L(J + JPO)) = (gm,L(J) + L(Jpo)) = (gm,E;rn), (7) 

{gm,W)) = {gm,EZ)-{gmMl?0)). (8) 

If the PO currents are expanded using the same basis functions as the unknown currents, 

lp0(r) = y\lPj°hj(7) where V? is the amplitude of the physical optic current, then Eq. 

(8) produces a system of linear equations, when written in standard notation, 

N-M N 

IXln=Vm-   £ZmjI
po, (9) 

n=l }=N-M+l 

that describe the implementation of the PO/MoM hybrid. The benefit of this 

implementation results from reducing the order of the matrix equation that needs to be 

solved.   Equation (9) describes the solution of a problem that has been reduced from 



order N to order N-M by substituting M PO currents into the problem. The influence of 

the PO currents on the unknown currents is clear from Eq. (9). The right hand side of Eq. 

(9) contains the incident field plus the fields radiated by the PO currents into the 

remaining numerical regions, this has a direct effect on the solution of the current 

unknowns on the left-hand side of the equation. Equation (9) is the hybrid PO/MOM 

implementation described by Putnam and has been incorporated in the computer code 

IBC3D at NRL. 

The expansion coefficients of the PO currents in the RWG basis functions are 

constructed in the following approximate manner, as outlined by Putnam [1]. The PO 

current amplitude for edge k is computed using either triangular facet, T* or T~, and the 

incident magnetic field H'"c(r), specifically, 

TP0     \-2p+
k-\{inc{7), 7GT,

+ 

I    = -. k (10) 
l+2p;.H'"e(r), re 77, 

where the unit vectors p\ are parallel to edge k and are given by 

Pt±=Ä±x"t. (11) 

the cross product of the normals fr to the triangular patch and unit vectors üf that are 

normal to the edge k and lie in the plane of the triangular facets Tf. These calculations 

are performed external to the modified, hybrid version of IBC3D and only the current 

amplitudes of Eq. (10), are used in IBC3D. 

NUMERICAL IMPLEMENTATION 

The hybrid version of IBC3D has left most of the original code structure and input 

files intact. In the original code, the program read a parameter file as input that described 

the frequencies, polarization, source and receiver locations and geometry file to be used 

in the calculation. The geometry file contains the triangular surface patch model of the 

object. This geometry file contains the points, edges and triangular facets that form the 

surface mesh. The points, edges and facets are numbered sequentially and this 

information is used in IBC3D to facilitate the computation. 



The process of filling the impedance matrix is accomplished in IBC3D by looping 

over the triangular facets that form the model. Two nested loops are used, one for the 

source facet and the other for the field facet. The current unknowns in the impedance 

matrix equation, Eq. (5), use the edge numbers from the geometry file as array indices. 

Each facet index has a corresponding triplet of edge numbers that are used to direct 

impedance matrix calculations to their proper position in the impedance matrix array. 

The hybrid version of IBC3D maintains this same organization but with additional 

logic to accommodate the fact that there are now two different types of current 

unknowns. In addition to the geometry and parameter files as input, a file containing the 

facet numbers selected for PO currents and a file containing the complex PO current 

amplitude for the PO edges are required. These files are created external to IBC3D using 

a separate program to process the geometry file. 

The internal logic used to fill the impedance matrix is modified to account for the 

presence of the PO currents that radiate into the numerical MoM region. This logic is 

based on the nature of the source and field edges in the nested double loop inside the 

IBC3D program that fills the impedance matrix. This logic can be simply explained in 

terms of the characteristics of the source and field edges. Ordinarily, the source and field 

edges are both MoM and the computation performed in the loop is added to the 

impedance matrix. If the source edge is PO and the field edge is MOM, then this result is 

multiplied by the source edge PO current and the product is added to the right hand side 

voltage vector. If the source and field edges are both PO or the source edge is MOM and 

the field edge is PO, no calculation is performed. 

Along boundaries between PO and MoM regions there are instances where PO and 

MOM facets share a common edge. When this occurs the edge is labeled a PO edge by 

default. This choice simplified the logic described above. 

COMPARISON WITH ANALYTICAL. MEASURED DATA 

The hybrid version of IBC3D described here joins together the numerical MoM 

method that IBC3D is based on with asymptotic physical optics currents. The accuracy 

of the code, using both the traditional MoM only approach and the hybrid method, is 



demonstrated here by comparing with the Mie series solution for a metal sphere and radar 

cross section range measured data for a simple geometrical shape. 

The Mie series solution for electromagnetic wave scattering from a PEC (perfect 

electric conductor) sphere allows direct comparison of the PO current approximation with 

the exact currents for this geometry. The equivalent electric currents, computed by 

calculating fixH"""'on the sphere's surface, are shown in Figure 1. The physical optics 

approximation, Jl°Une = 2 and /„Hanc =2cos(» , of the electric currents are also shown 

in Figure 1. The exact current and the physical optic current can be seen to agree out to 

about 45 degrees for this particular sphere with an electrical size of ka = 4.2. The 

agreement decays rapidly beyond 45 degrees and is poor at the terminator between the lit 

and shadowed portion of the sphere surface. 

The result of using three different methods to compute the monostatic backscatter of 

the PEC sphere is shown in Figure 2. In this figure the Mie series solution, the purely 

numerical IBC3D MoM result, and the hybrid PO/MoM solutions are plotted for 

comparison. The strictly numerical MoM solution provides a result that agrees well with 

the Mie series solution for 0.4 < ka < 4.2. The hybrid PO/MOM solution shown in 

Figure 2 employed different numbers of PO currents in the solution. The hybrid solution 

is not appropriate for low ka values, but appears to produce more accurate answers as the 

sphere's electrical size increases. 

The selection of which edges in the sphere's mesh model used physical optics currents 

was based on the orientation of each triangular facet with respect to the incident plane 

wave. The angle between the facet normal and the incident wave direction was 

calculated, and if it was less than a prescribed value, then the unknowns associated with 

the three edges forming that triangle were selected to be represented with physical optics 

currents. This angle limit was set to 15 degrees in one instance and 45 degrees in another 

to gauge the effect of increasing the number of physical optics currents on the calculated 

backscatter cross section. The sphere's numerical mesh contains 699 edges or unknowns 

in total, with a facet limit of 15 degrees, 103 of these unknowns were replaced with 

physical optic currents. When the facet limit was increased to 45 degrees, 256 of the 

unknowns were replaced with physical optic currents. 



The surprising result is that the hybrid calculated backscatter agrees with the Mie 

series result in the low ka region. In the frequency region ka < 1 the physical optic 

currents are a very poor approximation to the exact currents on the sphere, nonetheless 

the calculated backscatter returns agree. The reason for this is not clear, but in general 

the physical optic currents should only be substituted in regions that are electrically large. 

The sphere is a complicated scatterer with a combination of specular and surface wave 

modes that constructively or destructively interfere to produce the peaks in the 

backscatter spectrum. The ability of the hybrid method, relying on specular physical 

optic currents, to reproduce these features generally degrades as more physical optic 

currents are substituted into the hybrid calculation, because the physical optics currents 

do not contain the surface wave physics required to represent the scattering accurately- 

The sphere provides an excellent reference solution that can be calculated using a 

series expansion to produce an exact answer for comparison. However, it is not a 

realistic or interesting object for practical reasons. A simple object that was constructed 

and tested for radar scattering provided a more realistic test case for the hybrid method. 

The object is prism shaped, referred to here as Prism V20, with 5 sides and is described 

in NRL Memorandum Report 6247 [4]. The physical dimensions of the Prism V20 

model are given in Figure 3. 

The numerical mesh model of the Prism V20 object is shown in Figure 3. The mesh 

contains 724 points and 1,444 triangular facets that translate into 2,166 electric current 

unknowns. The monostatic cross section calculated using the unmodified IBC3D 

computer code is plotted in Figure 4 along with the measured cross section at 432 MHz. 

The scattering from the PrismV20 object can be summarized as arising from specular 

returns from the large flat faces of the model mixed with the edge waves and diffraction 

from the sharp edges of the model. The good agreement between the measured and 

calculated cross sections of Figure 4 confirm that the purely numerical solution is 

faithfully simulating these scattering mechanisms. 

The hybrid version of IBC3D cannot decide on its own when to use PO currents and 

when not to, this decision is made external to the code. The natural decomposition of the 

Prism V20 object into numerical (MOM) regions and physical optics (PO) regions is 

shown in Figure 5.  In this figure the edges and corners of the model have been reserved 



for the strictly numerical method. The large flat areas utilize the PO currents if the flat 

areas are directly illuminated by the incident wave. No angular limit was placed on the 

orientation of the facets to be selected as a PO facet, unlike the hybrid sphere 

calculations. 

It is important to emphasize here that the PO and MoM regions of the V20 prism 

object are coupled in the hybrid calculations. The scattering cross section calculated 

using the hybrid method is not simply the sum of the PO returns from the flat areas in 

Figure 5 with the returns from the edges and corners using the MoM method. Instead the 

MoM method applied to the edges and corners 'feels' the presence of the large flat PO 

areas via the radiated near fields generated by the PO currents. The coupling of the PO 

region to the MoM region is essential to enhance the accuracy and utility of the hybrid 

method. 

The measured cross section and hybrid method calculated cross section are plotted in 

Figure 6. The hybrid calculation produces accurate cross sections in the neighborhood of 

the large specular returns at 270, 140 and 70 degrees. In these regions, the scattering is 

dominated by the large reflection from the flat faces, and is accurately approximated with 

the physical optic currents. The large amplitude feature centered near 200 degrees is a 

non-specular feature produced by an edge wave travelling along the long face of the 

Prism V20 body. The feature is faithfully predicted by the hybrid method employed here. 

It is significant that this feature has been calculated correctly because it is an important 

scattering mechanism that is not predicted using physical optic currents alone. 

A small feature that appears in the measured cross section between 210 and 220 

degrees is underestimated by the hybrid method. The source of this discrepancy appears 

to be the use of the PO currents on the short face of the Prism V20 object. In the 180 to 

220 degree region the short face is oriented at a very shallow angle, grazing incidence, 

relative to the incident wave and the PO current approximation is likely a poor one in this 

situation. At 220 degrees the short face exits the lit region and the currents on the face 

change from PO to numerical MOM, which results in a jump in the calculated cross 

section that matches the measured cross section. 

The measured and calculated cross section both show a deep narrow null at 180 

degrees.   This null is the result of destructive interference between edge waves on the 



longest face and shortest face of the Prism V20 geometry. The hybrid method using PO 

currents on the short face and either numerical or PO currents on the long face reproduce 

this effect, although the cancellation is not to the same level as in the measured cross 

section. The large, broad feature around 0 degrees is apparently of the same nature, two 

edge waves travelling down the longest and second longest faces of the Prism V20 

object. However, the hybrid method employed here does not reproduce the shape and 

amplitude of the large feature centered about 0 degrees. The phasing of the edge waves 

on the two edges is not correct and results in reduced amplitude. This scattering feature 

appears to be largely independent of the number of PO currents used on the two faces. 

Figure 7 shows the number of PO unknowns used in the hybrid calculation as a 

function of incidence angle. The greatest number occurs when the two largest faces, 'a' 

and 'b', are lit simultaneously. This occurs between 340 and 0 degrees. The smallest 

number of PO unknowns occurs between 160 and 180 degrees when only face 'c' is lit. 

Recall that the total number of current unknowns for the Prism V20 object is 2,166, and 

depending on the incidence angle, between 106 and 723 were selected for PO currents. 

The average over the full 360 degrees was 410 PO current unknowns. This is 

approximately 20 percent of the total number of unknowns in the problem. 

CONCLUSION 

The theme of this hybrid method is to join together two areas of research, namely high 

and low frequency electromagnetic methods, which traditionally have worked 

independent of one another. The reason for wanting to accomplish such a task is that 

there exists a large class of electromagnetic simulation problems for which no computer 

solution has been found to be acceptable. Typical of this class are reduced signature 

military platforms, conformal embedded antenna systems and electromagnetic 

interference simulation. High fidelity simulations usually require low frequency, 

numerical methods. Unfortunately, the strictly numerical methods will never arrive at an 

answer for many problems in this class because of the extraordinary computational 

demands required to produce a solution.     On the other hand, the high frequency, 



asymptotic, methods presented with the same class of problems can produce solutions but 

are likely to be incorrect because the scattering physics is incomplete. 

The hybrid method described here joins together high and low frequency methods in a 

manner that preserves their strengths and minimizes their shortcomings. Improvements 

in the implementation of the hybrid method could be realized in the following areas: 

1. The expansion of currents in RWG basis functions is cumbersome for currents 

external to IBC3D. Implementing a PO/MOM hybrid based on the direct 

evaluation of fields produced by these currents makes the method more flexible 

and general by evaluating the right hand side of Eq. 8 in a more natural manner. 

2. Utilize fast methods for the remaining MOM portion, such as fast multipole 

method (FMM) or adaptive integral method (AIM). The benefit of this is obvious. 

3. A great many more unknowns could be eliminated if expressions were available to 

describe accurately the currents in the shadowed region. With perhaps one half of 

an object not directly illuminated, these regions must remain purely numerical and 

therefore become ultimately a limiting factor. It may be possible that some 

currents could be set to zero deep in the shadowed region. 

4. Devise a strategy to eliminate the abrupt changes in the number of unknowns as a 

function of incidence angle (see Figure 7). This is especially noticeable when 

large flat regions make the transition from darkness to being illuminated. 

5. Expand the application of this hybrid method by employing alternate analytical 

current solutions. This could be accomplished by augmenting the physical optics 

currents with application specific current distributions, for example, currents on 

coated edges calculated using NRL's Hybrid Theory of Diffraction [6], and 

currents from infinite periodic array moment method codes could be used to solve 

a finite-size frequency-selective surface problem. 
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FIGURE 1. Electric surface current on a perfectly conducting sphere, ka = 4.2, along a 
line parallel to the incident electric field (E Plane) and magnetic field (H Plane). The Mie 

series is used to calculate J from «xH— on the surface the sphere and is plotted using 

solid lines.    The physical optics approximation,  J PO 
E Plane = 2 and 7HP]anc =2cos(», is 

plotted with dashed lines. The dotted line indicates the position of the transition from the 
lit region to the shadowed side of the sphere. The surface current has been normalized to 
the magnitude of the incident magnetic field. 
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FIGURE 2. Monostatic cross section of a PEC sphere computed using exact Mie series 
solution and the hybrid PO/MOM approach. Two different hybrid results are shown 
which represent different numbers of PO currents in the hybrid solution. The sphere was 
modeled using triangular patches, and a patch was assigned PO currents based on its 
orientation with respect to the incident field. In this figure limits of 15 and 45 degrees are 
used to produce the two sets of data. The full MOM solution with 699 unknowns is also 
plotted for comparison to the hybrid and exact results. 
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FIGURE 3. Numerical mesh model of the Prism V20 geometry as used with the hybrid 
PO/MOM version of the IBC3D computer code. Dimensions of the actual model are: a = 
2.40 m, b = 1.78 m, c = 0.95 m and h = 0.30 m. The corners of the object form a triangle 
with 20°, 40° and 120° angles. 
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FIGURE 4. Measured and computed radar cross section of the Prism V20 object at 432 
MHz, HH polarization and elevation angle 0°. The baseline MOM calculation using the 
un-modified IBC3D is shown for comparison. The numerical mesh of the Prism V20 
object represented 2,166 total electric current unknowns in the strictly numerical MOM 
solution. 
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FIGURE 5. Exploded view of Prism V20 numerical mesh showing regions selected for 
MOM solution only and region to be selected for PO currents, provided they are in the lit 
region, (a) Flat regions selected for PO currents, (b) Edge sections reserved for 
numerical MOM solution. 
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FIGURE 6. Measured and computed radar cross section of the Prism V20 object at 432 
MHz, HH polarization and elevation angle 0°. The PO/MOM hybrid calculation using 
the modified IBC3D is shown for comparison. The agreement is good in the angular 
regions where the incident angle is near normal to the any of the three flat faces, 270, 70 
and 140 degrees. 
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FIGURE 7. Polar plot of the number of physical optics unknowns on the Prism V20 
object as a function of aspect angle. An outline of the object is inscribed in the center of 
the plot to illustrate the orientation of the Prism V20 flat faces. The discontinuous nature 
of the number of PO unknowns arises from the criteria for selecting PO edges on the 
body and a large number of edges meeting the criteria simultaneously. The largest 
number of PO edges are selected when faces 'a' and 'c' are illuminated by the incident 
field, the smallest when they are shadowed. 
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